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(54) Photocatalyst, process for producing the same and photocatatyst coating composition 
comprising the same 



(57) A photocatalyst is provided, which comprises a 
titanium oxide and a metal-containing compound other 
than titanium oxide on the surface of the titanium oxide, 
wherein the metal-containing compound is a metal ox- 
ide having an acid site and the photocatalyst has a BET 
specific surface area of about 55 m 2 /g or larger, or 
wherein the metal-containing compound is a basic met- 



al-containing compound and the photocatalyst has an 
anatase-crystalline structure and an anatase-crystalline 
size of about 10 nm or larger. The photocatalyst shows 
sufficiently high photocatalytic activities under irradia- 
tion by visible light. 
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Description 

FIELD OF THE INVENTION 

5 [0001] The present invention relates to a photocatalyst, a process for the photocatalyst and a photocatalyst coating 
composition comprising the photocatalyst. 1 

BACKGROUND OF THE INVENTION 

w [0002] Ultraviolet irradiation to a semiconductor generates electrons having a strong reduction activity and positive 
holes having a strong oxidation activity, so as to decompose a molecular species that comes in contact with the sem- 
iconductor by the oxidation-reduction activity. Such an activity is called a photocatalytic activity. By the photocatalytic 
activity, substances such as organic solvents are decomposed and removed. As a substance showing the photocatalytic 
activity, titanium oxide is attracting much attention and photocatalysts made of titanium oxide are In the market. 
[0003] However, when the photocatalysts made of titanium oxide available in the present market are irradiated with 
visible light, the photocatalysts only shows insufficient photocatalytic activity. 

SUMMARY OF THE INVENTION 

[0004] The objects of the present invention are to provide a photocatalyst that shows sufficiently high photocatalytic 
activities by irradiation of visible light, to provide a process forproducing the photocatalyst and to provide a photocatalyst 
coating composition comprising the photocatalyst titanium oxide. 

[0005] The present inventors have studied on titanium oxide and other compounds in order to achieve such objects. 
As a result, the present inventors have found that the objects and other objects are achieved by a photocatalyst com- 
prising a titanium oxide and a metal-containing compound other than titanium oxide on the surface of the titanium 
oxide, and have completed the present invention. 

[0006] Thus, the present invention provides a photocatalyst comprising a titanium oxide and a metal-containing com- 
pound other than titanium oxide on the surface of the titanium oxide, wherein the metal-containing compound is a metal 
oxide having an acid site and the photocatalyst has a BET specific surface area of about 55 m?rg or larger, or wherein 
the metal-containing compound is a basic metal-containing compound and the photocatalyst has an anatase-crystalline 
structure and an anatase-crystalline size of about 10 nm or larger. 

[0007] The present invention also provides a process for producing the above-described photocatalyst, for example, 
which comprises the steps of allowing a titanium oxide to come in contact with a solution or slurry of a metal-containing 
compound other than titanium oxide and/or a solution or slurry of a compound which makes the metal-containing 
compound by heating; and heating the resulting titanium oxide to obtain a photocatalyst. 

[0008] The present invention further provides a photocatalyst coating composition comprising the above-described 
photocatalyst and a solvent. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0009] 

Fig. 1 , 4, 1 0 and 1 3 are ultraviolet-visible diffuse reflection spectra of photocatalysts of the present invention, which 
are obtained in Examples 1,2,4 and 5, respectively. 

Figs. 2 and 5 are the secondly obtained X-ray photoelectron spectra of the photocatalyst of the present invention, 
which are obtained in Examples 1 and 2, respectively. 

Figs. 3 and 6 are the fourthly obtained X-ray photoelectron spectra of the photocatalyst of the present invention, 
which are obtained in Examples 1 and 2, respectively. 

Fig 7 is an ultraviolet-visible diffuse reflection spectrum of a photocatalyst which was obtained in Comparative 
50 Example 1 . 

Figs. 8 and 9 are X-ray diffraction spectra of a photocatalyst of the present invention, which are obtained in Example 
4. 

Figs. 11 and 12 are X-ray diffraction spectra of a photocatalyst of the present invention, which are obtained in 
Example 5. 

Figs. 14 and 15 are X-ray diffraction spectra of a photocatalyst, which are obtained in Comparative Example 2. 
Figs. 1 7 and 18 are X-ray diffraction spectra of a photocatalyst, which are obtained in Comparative Example 3. 
Figs. 1 6 and 1 9 are ultraviolet-visible diffuse reflection spectra of photocatalysts. which are obtained in Comparative 
Examples 2 and 3, respectively. 
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DETAILED DESCRIPTION OF THE INVENTION 

[0010] A photocatalyst of the present invention comprises a titanium oxide and a metal-containing compound other 
than titanium oxide, and the metal-containing compound is placed on the surface of the titanium oxide. The titanium 
5 oxide utilized in the present invention usually may have a chemical formula of Ti0 2 and preferably has an anatase- 
crystalline structure. The titanium oxide may have any shape such as a particulate shape., a fibrous shape and a thin- 
layer shape. 

[0011] The titanium oxide utilized in the present invention may be obtained by a process which comprises the steps 
of reacting a titanium compound (such as titanium oxysulfate. titanium sulfate, titanium oxychloride and titanium chlo- 

10 ride) in an aqueous solution thereof with a base to obtain a reaction product; and calcining the reaction product. Ex- 
amples of the base utilized in the reaction include ammonia, an amine and the like. The amount of the base used in 
the reaction may be about 1 .2 times or more, and is preferably about 2 times or more, as much as the stoichiometric 
amount necessary to convert the titanium compound to a titanium hydroxide. Also, the amount of the base may be 
about 20 times or less, and is preferably about 10 times or less, as much as the stoichiometric amount. The reaction 

is temperature may be about 60°C or lower and is preferably about 40°C or lower. The calcination temperature may be 
about 300°C or higher, and is preferably about 350°C or higher. Also., the calcination temperature may be about 600°C 
or lower, and is preferably about 500 Q C or lower. 

[0012] Alternatively, the titanium oxide utilized in the present invention may be obtained by a process in which titanium 
oxysulfate is calcined in the presence of oxygen, without being reacted with a base. 
20 [0013] The photocatalyst of the present invention has a metal-containing compound (other than titanium oxide) on 
the surface of titanium oxide. The metal-containing compound may be a metal oxide having an acid site or a basic 
metal-containing compound. 

[0014] The metal oxide having an acid site has at least one site selected from a Brensted acid site and a Lewis acid 
site. The metal oxide may be a single-metal oxide having one metal element, a double-metal oxide having two metal 

25 elements, or a complex-metal oxide having three or more metal elements. Examples of the single-metal oxide having 
an acid site include an oxide of metal such as zirconium, hafnium, vanadium, niobium, tantalum, molybdenum, tungsten, 
manganese, iron, cobalt, nickel, cupper, aluminum, gallium, indium, tin or the like. Examples of the double-metal oxide 
having an acid site include an complex oxide of two metals such as silicon and zinc, silicon and zirconium, silicon and 
magnesium, silicon and calcium, silicon and gallium, silicon and aluminum, silicon and lanthanum, silicon and titanium, 

30 titanium and zinc, titanium and cupper, titanium and aluminum, titanium and zirconium, titanium and lead, titanium and 
bismuth, titanium and iron, zinc and magnesium, zinc and aluminum, zinc and zirconium, zinc and lead, zinc and 
antimony or the like. Preferably, the metal oxide having an acid site is a single-metal oxide of zirconium, vanadium, 
niobium, tantalum, molybdenum, tungsten, manganese, iron, cobalt, nickel, cupper, aluminum or tin. An acid site may 
be called an acid center, of which amount may be measured quantitatively by an adsorption amount of an evaporated 

35 base or a base in a solution thereof. Also, it is possible to measure an acid strength and a number of the acid site 
having the acid strength, utilizing the color change of indicators having a variety of pKa values. 
[0015] The basic metal-containing compound which may be contained in the photocatalyst of the present invention 
has at least one site selected from a Bronsted base site and a Lewis base site. The basic metal-containing compound 
may be an oxide, hydroxide, carbonate or the like, of metal such as alkali metal, alkaline-earth metal, rare earth element 

40 or zinc. Examples of the metal oxide include sodium oxide, potassium oxide, magnesium oxide, calcium oxide, barium 
oxide, lanthanum oxide, cerium oxide, zinc oxide and the like. Examples of the metal hydroxide include sodium hy- 
droxide, potassium hydroxide, magnesium hydroxide, calcium hydroxide, barium hydroxide, lanthanum hydroxide, ce- 
rium hydroxide, zinc hydroxide oxide and the like. Examples of the metal carbonate include sodium carbonate, potas- 
sium carbonate, magnesium carbonate, calcium carbonate, barium carbonate, lanthanum carbonate, cerium carbon- 

45 ate, zinc carbonate and the like. 

[0016] The photocatalyst of the present invention may have, on the surface of titanium oxide, any one (or two or 
more) of the above-described metal oxides having an acid site or the above-described basic metal-containing com- 
pounds. 

[0017] In the photocatalyst of the present invention, the metal-containing compound (such as a metal oxide having 
50 an acid site and a basic metal-containing compound) may cover all of the surface or a potion of the surface of the 
' titanium oxide in the photocatalyst. When the portion of the surface of the titanium oxide is covered with the metal- 
containing compound, the metal-containing compound may discontinuously exist in a dot-like shape, or may continu- 
ously exist in a line thereof or in a lattice thereof, on the surface of the titanium oxide. The amount of the metal-containing 
compound in the photocatalyst may be about 0.05 % by mole or more, and is preferably about 0.1 % by mole or more, 
55 in terms of the metal element of the compound, based on titanium in the photocatalyst. Also, the amount of the metal- 
containing compound may be about 50 % by mole or less, and is preferably about 30 % by mole or less, and is more 
preferably about 10 % by mole or less, in terms of the metal element of the compound, based on titanium in the 
photocatalyst. When the amount of the metal-containing compound exceeds the appropriate amount, the catalytic 
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activity o» the photocatalyst tends to be lowered. 

[001 8] The photocatalyst of the present invention wh ich comprises a titanium oxide and a metal oxide having an acid 
s,te on the surface of the titanium oxide is able to decompose a substance such as a basic compound an oxyqen 
conta.n.ngcompound.asulfur-containingcompoundandthelike.Also.thephotocatalyst of the present inventionwhich 
compnses a titanium oxide and a basic metal-containing compound on the surface of the titanium oxLe is Je to 
decompose a substance such as an acidic substance such as a hydrogen sulfide, isobutyric acid, acetic acid and the 

l 8 h IS?, ZTl : ^ P, ! 0t0cata, y st of the P resent inve "»°" ^ows «* a high catalytfc activity by radiation 
wrthvrsiblehght. to decompose such asubstrate around the photocatalyst. It seems that the substance may selectively 
beadsoJedontotheacidsfteorbasicsiteofthe P hotocatalyst,andthenmaybeeffec^^ 
and positive holes, which are generated in the photocatalyst by radiation with visible light 

[001 9J It is noted that a basic compound tends to be adsorbed selectively onto the Brensted acid site, and an oxyqen- 
containing compound and a sulfur compound tend to be adsoibed selectively onto the Lewis acid site Therefore the 
decomposition may be effectively conducted, depending on the substrate to be decomposed, by adjusting the amount 
of the Brensted acid s«e and/or the Lewis acid site in the photocatalyst or the ratio of the brLffS steToTe 
Lewis acid site (if both sites are in the metal oxide). On the other hand, the kind and the amount of add sttes n he 
tiatafysf COntr0,,ed ^ adiUSti " 9 kind thS am ° Unt ° f the above - describ ed metal oxide in the pho- 

[0020] In the present invention, the photocatalyst comprising a metal oxide having an acid site preferably has a BET 
specific surface area of about 55 nvVg or larger. The BET specific surface area may be measured in a nitrogen ad- 
Sr 0 Mh k , T ft ph0,0Cata, V st has a BETspecific surface area of smaller than about 55 m*/g, the cately* 
act,v«y of the photocatalyst tends to be lowered, even if the photocatalyst comprises a metal oxide having an acid site 
The larger the BET specific surface area of the photocatalyst is, the higher catalytic activity of the photocatalyst may 
become. On the Other hand, when the BET specific surface area of the photocatalyst is too large, it may be difficult to 
disperse the photocatalyst in a solvent to prepare a photocatalyst coating composition thereof. The BETspecific surface 

ZltJl^^To^Tt bS ? ° Ut 300 ^ ° r Sma " er ' 3nd iS preferab| y about 250 m2/ 9 ° r waller, and is more 
preferably about 200 m 2 /g or smaller. 

[0021 ] In the present Invention, the photocatalyst comprising a basic metal-containing compound preferably has an 
anatase-crystall.ne structure and an anatase-crystalline size of about 1 0 nm or larger. The anatase-crystalline structure 
so cX^Tf^^ *e(L,maybecal- 
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L(nm) = K ■ X/ (p • cos 6) 

(wherein K represents Scherrer constant (=0.94), X (nm) represents a wavelength of X-ray to be used for XRD 6 
radian represents a half-width of the peak corresponding to (1 01 ) plate in XRD spectrum of the photocatalyst and 6 
radian) represents a half of diffraction angle (28) corresponding to the peak.) It is noted that an anatase crystal of 
manlunr i oxide has a peak corresponding to (101) plate at a diffraction angle (26) of about 25° in its XRD spectrum 
When the photocatalyst has an anatase-crystalline size of smaller than about 1 0 nm, the catalytic activity of the pho- 
tocatalyst tends to be lowered, even if the photocatalyst comprises a basic metal^ontaining compound The larger the 

^Ttr? Hn ! f 1" iS? hi9her ° atalytlC aCtiVlty ° f thG P hotoca * a, y st ™y become. The anatase-crystalline size 
is preferably about 13 nm or larger. 

[0022] The photocatalyst of the present invention may have index X of about 0.2 or more, and preferably has Index 
X of about 0.25 or more, index X being calculated by equation (I): 

X = B/A {|) 

wherein A represents an integrated value of absorbance within a wavelength range of from 220 nm to 800 nm along 
an ultrav.olet-v.s.ble diffuse reflection spectrum of the photocatalyst. and B represents an integrated value of absorb 
ance within a wavelength range of from 400 nm to 800 nm along the ultraviolet-visible diffuse reflection spectrum Each 
of these integrated values. A and B. of absorbance corresponds to an integrated area below the ultraviolet-visible 
diffuse reflechon spectrum of the photocatalyst within the above-designated respective wavelength ranges the spec- 
trum plotting absorbance In ordinate and wavelength in abscissa. 

[0023] In the present invention, the photocatalyst comprising a metal oxide having an acid site on the surface of 
titanium oxide preferably has index Y of about 0.05 or more, and more preferably has index Y of about 0 08 or more 
index Y being calculated by equation (II): 
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Y = (C-D)/C (II) 

wherein C and D represent half-widths of peaks within the range of binding energy of from 458 eV to 460 eV in the 
5 second and forth X-ray photoelectron spectra, respectively., the spectra being the second and fourth spectra among 
the four-time measurements of X-ray photoelectron spectrum showing an electric state of titanium of the photocatalyst 
in irradiating with X-rays. 

[0024] On the other hand, the photocatalyst in the present invention which comprises a basic metal-containing com- 
pound on the surface of titanium oxide preferably has index Z of about 0.8 and more, which is calculated by equation (III): 

10 

Z=F/E (HI) 

wherein E represents a BET specific surface area (m 2 /g) of the photocatalyst and F represents a C0 2 adsorption 
15 amount (u mol/g) of the photocatalyst. The C0 2 adsorption amount is usually in proportion to the number of the basic 
site on the surface of the photocatalyst and, therefore, a large C0 2 adsorption amount of photocatalyst means that the 
photocatalyst has a lot of basic sites. Also, the large index Z of photocatalyst means that the photocatalyst has a lot 
of basic site per unit surface area of the photocatalyst, i.e., a high density of basic site. The C0 2 adsorption amount 
may be measured by a method (C0 2 adsorption-heating-remove method) in which the photocatalyst to be measured 
20 is placed in a sealed container degassed in vacuum, carbon dioxide is supplied therein to make the photocatalyst 
adsorb the carbon dioxide, the resulting photocatalyst is removed from the container, and the adsorbed carbon dioxide 
is removed from the photocatalyst by heating in a gas flow (such as helium flow) having no carbon dioxide, to measure 
the amount of the removed carbon dioxide. 

[0025] The photocatalyst in the present invention may be produced in a method (impregnation method), which com- 

25 prises the steps of allowing a titanium oxide to come in contact with a solution or slurry of a metal-containing compound 
(such as a metal oxide and a basic metal-containing compound) other than titanium oxide and/or a solution or slurry 
of a compound which can make the metal-containing compound by heating; and heating the resulting titanium oxide 
to obtain a photocatalyst. Alternatively, the photocatalyst in the present invention may be produced in another method 
(adsorption method), which comprises the steps of putting in a sealed-container having an oxygen partial pressure of 

30 from about 5 mmHg to about 1 20 mmHg (preferably, from about 20 mmHg to about 1 00 mmHg), a titanium oxide and 
at least one compound selected from the group consisting of a metal-containing compound (such as a metal oxide and 
a basic metal-containing compound) and a compound which can make the metal-containing compound by heating; 
heating and evaporating the compound so that the compound adheres to the surface of the titanium oxide. 
[0026] In the impregnation method, for obtaining the photocatalyst comprising a metal oxide having an acid site on 

35 the surface of titanium oxide, may be utilized a solution or slurry of a metal-containing compound such as a metal oxide 
(other than titanium oxide) as well as a solution or slurry of a compound which can make the metal-containing compound 
by heating. Examples of the compound which can make the metal-containing compound by heating may be a compound 
that can make the metal oxide having an acid site by heating, and include ammonium salts, sulfates, carbonates, 
chlorides, salts of organic acids, hydroxides and alkoxides. of the corresponding metal acids. 

40 [0027] In the impregnation method, on the other hand, for obtaining.the photocatalyst comprising a basic metal- 
containing compound on the surface of titanium oxide, may be utilized a solution or slurry of a metal-containing com- 
pound such as a basic metal-containing compound as well as a solution or slurry of a compound which can make the 
metal-containing compound by heating. Examples of the metal-containing compound such as the basic metal-contain- 
ing compound include oxides, hydroxides, carbonates, of a metal such as an alkali metal, an alkaline-earth metal, a 

45 rare-earth metal, zinc or the like. Examples of the compound which can make the basic metal-containing compound 
by heating may be a compound that make the basic metal oxide by heating, and include ammonium salts , sulfates, 
chlorides, salts of organic acids, and alkoxides, of the corresponding basic metal. 

[0028] The impregnation method may be conducted at a temperature of form about 200°C or higher, and is preferably 
conducted at a temperature of form about 250°C or higher. Also, the impregnation method may be conducted at a 

50 temperature of form about 600 °C or lower, and is preferably conducted at a temperature of form about 500°C or lower. 
[0029] Furthermore, the photocatalyst in the present invention may be produced by a method in which a metal- 
containing compound is placed on a titanium oxide, for example, by the impregnation method or by the adsorption 
method, and then the resulting titanium oxide having the metal-containing compound thereon is treated with steam, 
carbon dioxide gas or the like, to obtain a photocatalyst. Specifically, a photocatalyst having a basic metal-containing 

55 compound on a titanium oxide in the present invention may be produced by a method in which a basic metal oxide is 
placed on a titanium oxide by the impregnation method or by the adsorption method, and then the resulting titanium 
oxide having the metal oxide thereon is treated with steam to obtain the photocatalyst. Also, a photocatalyst having a 
basic metal carbonate on a titanium oxide in the present invention may be produced by a method in which a basic 
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metal oxide is placed on a titanium oxide by the impregnation method or by the adsorption method, and then the 
resulting titanium oxide having the basic metal oxide thereon is treated with carbon dioxide to obtain the photocatalyst. 
[0030] The photocatalyst thus obtained in the present invention may have any shape. The photocatalyst having a 
particulate shape may be molded to have a shape of pellet, fiber, film or the like, using a polymer resin, a binding agent, 
a molding agent, an antistatic agent, an adsorption agent or the like, if necessary. 

[0031 J When the photocatalyst of the present invention is utilized, the photocatalyst may be put in a visible-light- 
transmitting glass tube or container together with a material to be treated, and then be irradiated with visible light having 
a wavelength of about 430 nm or more using a light source. Irradiation time of light may be determined depending on 
light intensity of the light source, and the kind and amount of the material to be treated. In the irradiation with visible 
light to the photocatalyst, the material treated with the photocatalyst may be oxidized or reduced to be decomposed. 
The light source is not particularly limited as long as it can emit visible light having a wavelength of about 430 nm or 
more. Example of the light source include solar rays, a fluorescent lamp, a halogen lamp, a black light, a xenon lamp, 
a mercury arc lamp and a sodium lamp. The light source may be equipped with an ultraviolet-cutting filter and/or an 
infrared-cutting filter, if necessary. 

[0032] A photocatalyst coating composition in the present invention 'comprises the above-described photocatalyst 
and a solvent. The photocatalyst coating composition makes it possible to easily apply the photocatalyst onto various 
materials such as a construction material and an automobile material and to coat such various materials with the 
photocatalyst, so as to impart a high photocatalytic activity into such various materials. Thus obtained construction 
material and an automobile material, which have the photocatalyst coating composition in the present invention thereon , 
can effectively decompose various organic compounds such as NOx in air, organic agents, pesticides or surfactants 
in water, or malodorous substances (such as cigarette smell, hydrogen sulfide and isobutyric acid) and can effectively 
inhibit the proliferation of bacteria (such as ray fungi), algae and mould. A preferable solvent to be contained in the 
photocatalyst coating composition is a solvent which does not dissolve the metal-containing compound on titanium 
oxide, and which evaporates and does not remain with the photocatalyst afterthe applying or coating of the composition. 
Examples of the solvent include water, hydrochloric acid, alcohols and ketones. The photocatalyst coating composition 
may be produced, for example, by a method in which the above-described photocatalyst is dispersed in a solvent such 
as water, an alcohol and a ketone to obtain a slurry thereof or a method in which the above-described photocatalyst 
is peptized with an acid such as a diluted hydrochloric acid. Upon dispersion, a dispersing agent may be added to the 
photocatalyst, if necessary. 

[0033] As described above, the photocatalyst in the present invention shows a high photocatalystic activity. For 
example, the photocatalyst comprising a metal oxide having an acid site on the surface of titanium oxide can effectively 
decompose various organic compounds such as aldehydes (ex. acetaldehyde. The photocatalyst comprising a basic 
metal-containing compound on the surface of titanium oxide can effectively decompose various organic compounds 
such as acid compounds, for example, carboxylic acid (ex. acetic acid and isobutyric acid), hydrogen sulfide and the 
like. The photocatalyst coating composition in the present invention makes it possible to easily apply the photocatalyst 
onto various materials such as a construction material and an automobile material and to coat such various materials 
with the photocatalyst, so as to impart a high photocatalytic activity into such various materials. In accordance with the 
processes in the present invention , the photocatalyst and the photocatalyst coating composition can be easily produced. 
[0034] The photocatalyst, the photocatalyst coating composition comprising the photocatalyst and the processes for 
producing them in the present invention are described in Japanese application nos. 2000-321026, filed October 20, 
2000 and/or 2000-341713, filed November 9, 2000, the complete disclosures of which are incorporated herein by 
reference. 

[0035] The invention being thus described, it will be apparent that the same may be varied in many ways. Such 
variations are to be regarded as within the spirit and scope of the invention, and all such modifications as would be 
apparent to one skilled in the art are intended to be within the scope of the following claims. 

EXAMPLES 

[0036] The present invention is described in more detail by following Examples, which should not be construed as 
a limitation upon the scope of the present invention. 

[0037] A BET specific surface area, indexes X, Y and Z, and an anatase-crystalline size of sample photocatalyst 
were measured, and photocatalytic activity of sample photocatalyst was evaluated as follows: 

(1) BET specific surface area 

[0038] ABET specific surface area (m 2 /g) is measured in a nitrogen adsorption method. 
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(2) Index X: 

t 0039] An ultraviolet-visible diffuse reflection spectrum cf samp.e photocatalyst w« , oH Jinec . using barium sulfate 
Ls a standard white board with an ultraviolet and visible spectrophotometer (trade ^^Z^T^TmO 
by Shimadzu Corporation). An integrated value A of absorbance (wlth.n a waveten J HOjm 
nm) and an integrated value &of absorbance (within a wavelength range of from 400 nm to 800 nm), each of wteh 
is along the ultraviolet-visible diffuse reflection spectrum, were obtained. Using the .ntegrated values, A and B, index 
X was calculated by equation (\f. 



10. X=B/A 



(I). 



(3) Index Y 



15 



20 



25 



r0O4Ol X-ra V photoelectron spectrophotometry (XPS) spectra of sample photocatalyst, which show an electron state 
SSiu^.Zo^fourth times (together with the XPS spectra ^ " ^^3^£K 
using anX-rayphotoelectronspec^^ 

and a X-ray source of M g K a under a condition in that an out put is 8 kV and 30n£_ a scan mode is um 
pass E is 10 eV. and a step E is 0.04 eV. Specifically, an XPS spectrum showing an elect on state (U 2p 2/3) <™™"™ 
d st and 2nd measurements) for 60 seconds in each measurement; then «^J^^1 

half-widths of peaks, C and D. index Y was calculated by equation (II): 

30 Y = (C-D)/C 

During the measurements of the above XPS spectra including inte, vals between the measurements, the sample pho- 
tocatalyst was not exposed in air. 

(4) Anatase-crystalline size 

r00411 After crushing a sample photocatalyst with a mortar, an X-ray diffraction (XRD) spectrum or the 
Sst was C measur 9 ed using anVray diffratometer (trade , name l^^^^^S^ 

anatase-crystalline size (L) was calculated by the following equation: 

L(nm) = K • X I (p • cos «) 

45 

wherein K represents Scherrer constant. X (nm) represents a wavelength of X-ray to be used for XRD. It is noted that 
CuKa has a wavelength of 15406 nm. 

so (5) Index Z 

i„ o. prcsenee carton dioxide MMg . P~-^»' *" £££ » fLm\ "«"> 9» 
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[0047] The XPS spectra of the photocatalyst were obtained (as described above in "(3) Index Y") and the second 
and forth XPS spectra are shown in Fig. 2 and Fig. 3, respectively. In Table 2, are shown half-widths, C and D, of peaks 
within a binding energy range of from 458 eV to 460 eV in the second and forth XPS spectra, respectively, and index Y. 
[0048] The photocatalytic activity of the photocatalyst against acetaldehyde was evaluated. As a result, the producing 
5 rate of carbon dioxide was 112.9 umol/h per one gram of the photocatalyst. 

Example 2 

[0049] Niobium hydrogenoxalate (1.45 g) ((Nb(HC 2 0 4 ) 5 , having a content of 14.6 % by weight in terms of Nb 2 0 5 . 

io manufactured by Mitsuwa Chemical Co. f Ltd.) was dissolved in water (1 00 g) to prepare an aqueous solution of niobium 
hydrogenoxalate having a content of 0.15 % by weight in terms of niobium. Into the aqueous solution (100 g), the 
particulate titanium oxide (5 g) which had been obtained in the same manner as in Example 1 was added, and was 
stirred for 20 minutes under normal pressure at a normal temperature, to obtain a mixture of titanium oxide. While 
stirring and reducing pressure, the mixture was dried at 50 °C and then was calcined in air at 300 °C for one hour, to 

is obtain a photocatalyst having an anatase-crystalline structure. The obtained photocatalyst had the titanium oxide on 
which niobium oxide was placed in the content of 3 % by mol in terms of niobium, based on titanium in the titanium 
oxide. The photocatalyst had a BET specific surface area of 65 rr^/g. 

[0050] The ultraviolet-visible diffuse reflection spectrum of the photocatalyst was obtained and is shown in Fig. 4. In 
Table 1 , are shown integrated value A of absorbance within a wavelength range of from 220 nm to 800 nm in the 
so spectrum; integrated value B of absorbance within a wavelength range of from 400 nm to 800 nm in the spectrum; and 
index X. 

[0051] The XPS spectra of the photocatalyst was obtained (as described above in "(3) Index Y n ) and the second and 
forth XPS spectra are shown in Fig. 5 and Fig. 6. respectively. In Table 2, are shown half-widths.. C and D, of peaks 
within a binding energy range of from 458 eV to 460 eV in the second and forth XPS spectra, respectively, and index Y. 
25 [0052] The photocatalytic activity of the photocatalyst against acetaldehyde was evaluated. As a result, the producing 
rate of carbon dioxide was 74.8 u.mol/h per one gram of the photocatalyst. 

Example 3 

30 [0053] The same processes as in Example 1 were carried out except that the aqueous solution of ammonium para- 
tungstate was added in an amount of 58.69 g. rather than 1 7.6 g. to obtain a photocatalyst having an anatase-crystalline 
structure. The obtained photocatalyst had the titanium oxide on which tungsten oxide was placed in the content of 10 
% by mol in terms of tungsten, based on titanium in the titanium oxide. The obtained photocatalyst had a BET specific 
surface area of 65 m 2 /g. 

35 [0054] The ultraviolet-visible diffuse reflection spectrum of the photocatalyst was obtained. In Table 1, are shown 
integrated value A of absorbance within a wavelength range of from 220 nm to 800 nm in the spectrum; integrated 
value B of absorbance within a wavelength range of from 400 nm to 800 nm in the spectrum: and index X. 
[0055] The photocatalytic activity of the photocatalyst against acetaldehyde was evaluated. As a result, the producing 
rate of carbon dioxide was 81 .0 u.mol/h per one gram of the photocatalyst. 

40 

Comparative Example 1 

[0056] The same processes as in Example 1 were carried out except that, instead of using the particulate titanium 
oxide obtained in the manner disclosed in Example 1 , a commercially available titanium oxide (3 g) (trade name: P- 
45 25, manufactured by DEGUSSA CORPORATION) was used, to obtain a photocatalyst. The photocatalyst had the 
titanium oxide on which tungsten oxide was placed in the content of 3 % by mol in terms of tungsten, based on titanium 
in the titanium oxide. The photocatalyst had a BET specific surface area of 48 rvP/g. 

[0057] The ultraviolet-visible diffuse reflection spectrum of the photocatalyst was obtained and is shown in Fig. 7. In 
Table 1 r are shown integrated value A of absorbance within a wavelength range of from 220 nm to 800 nm in the 
so spectrum: integrated value B of absorbance within a wavelength range of from 400 nm to 800 nm in the spectrum; and 
index X. 

[0058] The photocatalytic activity of the photocatalyst against acetaldehyde was evaluated. As a result, the producing 
rate of carbon dioxide was 4.9 u.mol/h per one gram of the photocatalyst. 
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Table 1 





Example 1 


Example 2 


Example 3 


Comparative Example 1 


Integrated value A 


305.8 


311.3 


333.5 


294.7 


Integrated value B 


73.3 


76.9 


96.6 


48.9 


Index X(=B/A) 


0.24 


0.25 


0.29 


0.17 



Table 2 





Example 1 


Example 2 


Half-width C (eV) 


1.42 


1.44 


Half-width D (eV) 


1.29 


1.33 


Index Y(=(C-D)/C) 


0.092 


0.076 



Example 4 

Preparation of Titanium Oxide 



[0039 A titanium oxysulfate (1515 g) (manufactured by Soekawa Chemical Co., Ltd.) was dissolved in water (6064 
SO while stirring. Into the resulting solution, was added a 25% ammonia water (1694g) (1st grade, manufactured by 
Wako Pure Chemical Industries, Ltd.) at an adding rate of 18 ml/min, while cooling w?hice and stirring at 67 rpm to 
conduct hydrolys.s of Wan umoxysulfate and obtain a sluny containing a titanium hydroxide. The amountof the utilized 

theT^r^H i ^ T, 88 the stoichiometric am °unt necessaiy to convert the titanium oxysulfate to 
the titanium hydroxide. The obtained slurry was filtered to collect the solid therein. The solid was washed with hot 
water, and was dried to obtain a powder. The powder was then calcined at 390 «c in air for one hour, followed by 
cooling to a room temperature. As a result, a particulate titanium oxide having an anatase-crystalline structure and 
having a water content of 15% by weight was obtained. »ir U «ure ano 

Coating with Metal-Containing Compound 

EHfU..?!.? ra,e . he ^ yd ? te ( ° 3 9) (Z " (N ° 3)2 • 6H2 °' manuf *>tured by Wako Pure Chemical Industries. Ltd.) 
was d,ssolved In water ( 00 g) to prepare an aqueous solution of zinc nitrate. Into the aqueous solution, the above- 
obtained particulate titanium oxide (3.2 g) having an anatase-crystalline structure was added, and was stirred for 20 
minutes under normal pressure a] a normal temperature, to obtain a mixture of titanium oxide. While stirring and re- 
ducing pressure, the mixture was dried at 55 »C and then was calcined in air at 300 »C for one hour to obtain a 
photocatalyst having an anatase-crystalline structure. The obtained photocatalyst had the titanium oxide on which zinc 

£2i WM P the C ° ntent ° f 3 % by m °' in terms of zinc ' based on titanium in the t**™™ oxkl. 
0061] The XRD spectrum of the photocatalyst was obtained and in shown in Fig. 8. The enlarged XRD spectrum 
thereof around the peak corresponding to (101 ) plate of the photocatalyst is also shown in Fig. 9. In Table 3 are shown 
diffraction angle 2 0 and half-width p of the peak; and anatase-crystalline size L. 

ST^t ultraviolet-visible diffuse reflection spectrum of the photocatalyst was also obtained and Is shown in Fiq 
10. In Table 4, are shown integrated value A of absorbance within a wavelength range of from 220 nm to BOO nm in 
LndlnScT ime9rated V3lUe B °' absort,ance witni " a wavelength range of from 400 nm to 800 nm in the spectrum; 

[00631 The BET specific surface area E, adsorption amount F of carbon dioxide and index Z of the photocatalyst 
were obtained and are shown in Table 5, respectively. i«wu«yw 
[0064] The photocatalytic activity of the photocatalyst against acetic acid was evaluated. As a result, the producinq 
rate of caibon dioxide was 5.97 umol/h per one gram of the photocatalyst. 

Example 5 



0065] Cerium nitrate hexahydrate (0.42 g) (Ce(N0 3 ) 3 . 6H a O, manufactured by Wako Pure Chemical Industries 
L d. i was dissolved in water (100 g) to prepare an aqueous solution of cerium nitrate. Into the aqueous solution (100 
g). the particulate titanium oxide (3.0 g) which had been obtained in the same manner as in Example 4 was added 
and was stirred for 20 minutes under normal pressure at a normal temperature, to obtain a mixture of titanium oxide' 
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While stirring and reducing pressure, the mixture was dried at 55 °C and then was calcined in air at 300 °C for one 
hour, to obtain a photocatalyst having an anatase-crystalline structure. The obtained photocatalyst had the titanium 
oxide on which cerium oxide was placed in the content of 3 % by mol in terms of cerium, based on titanium in the 
titanium oxide. 

5 [0066] The XRD spectrum of the photocatalyst was obtained and in shown in Fig. 1 1 . The enlarged XRD spectrum 
thereof around the peak corresponding to (101) plate-of the photocatalyst is also shown in Fig. 12. In Table 3, are 
shown diffraction angle 2 6 and half-width (i of the peak; and anatase-crystalline size L. 

[0067] The ultraviolet-visible diffuse reflection spectrum of the photocatalyst was also obtained and is shown in Fig. 
13. In Table 4, are shown integrated value A of absorbance within a wavelength range of from 220 nm to 800 nm in 
10 the spectrum; integrated value B of absorbance within a wavelength range of from 400 nm to 800 nm in the spectrum; 
and index X. 

[0068] The BET specific surface area E, adsorption amount F of carbon dioxide and index Z of the obtained photo- 
catalyst were obtained and are'shown in Table 5 : respectively. 

[0069] The photocatalytic activity of the photocatalyst against acetic acid was evaluated. As a result, the producing 
is rate of carbon dioxide was 2.63 nmol/h per one gram of the photocatalyst. 

Comparative Example 2 

[0070] The same processes as in Example 4 were carried out except that, instead of using the particulate titanium 
20 oxide obtained in Example 4, a commercially available titanium oxide (3.2 g) (trade name: ST-01, manufactured by 
Ishihara Sangyo Kaisha, Ltd.) was used, to obtain a photocatalyst. The photocatalyst had the titanium oxide on which 
zinc oxide was placed in the content of 3 % by mol in terms of zinc, based on titanium in the titanium oxide. 
[0071] The XRD spectrum of the photocatalyst was obtained and in shown in Fig. 14. The enlarged XRD spectrum 
thereof around the peak corresponding to (101) plate of the photocatalyst is also shown in Fig. 15. In Table 3, are 
25 shown diffraction angle 2 e and half-width (3 of the peak; and anatase-crystalline size L. 

[0072] The ultraviolet-visible diffuse reflection spectrum of the photocatalyst was also obtained and is shown in Fig. 
16. In Table 4 T are shown integrated value A of absorbance within a wavelength range of from 220 nm to 800 nm in 
the spectrum; integrated value B of absorbance within a wavelength range of from 400 nm to 800 nm in the spectrum; 
and index X. 

30 [0073] The BET specific surface area E. adsorption amount F of carbon dioxide and index Z of the obtained photo- 
catalyst were obtained and are shown in Table 5 ; respectively. 

[0074] The photocatalytic activity of the photocatalyst against acetic acid was evaluated. As a result, the producing 
rate of carbon dioxide was 1 .57 u,mol/h per one gram of the photocatalyst. 

35 Comparative Example 3 

[0075] The same processes as in Example 5 were carried out except that, instead of using the particulate titanium 
oxide obtained in Example 5. a commercially available titanium oxide (3.0 g)(trade name: ST-01, manufactured by 
Ishihara Sangyo Kaisha, Ltd.) was used, to obtain a photocatalyst. The photocatalyst had the titanium oxide on which 
40 cerium oxide was placed in the content of 3 % by mol in terms of cerium, based on titanium in the titanium oxide. 

[0076] The XRD spectrum of the photocatalyst was obtained and in shown in Fig. 1 7. The enlarged XRD spectrum 
thereof around the peak corresponding to (101) plate of the photocatalyst is also shown in Fig. 18. In Table 3, are 
shown diffraction angle 2 8 and half-width p of the peak; and anatase-crystalline size L. 

[0077] The ultraviolet-visible diffuse reflection spectrum of the photocatalyst was also obtained and is shown in Fig. 
45 19. in Table 4, are shown integrated value A of absorbance within a wavelength range of from 220 nm to 800 nm in 
the spectrum; integrated value B of absorbance within a wavelength range of from 400 nm to 800 nm in the spectrum; 
and index X. 

[0078] The BET specific surface area E. adsorption amount F of carbon dioxide and index Z of the obtained photo- 
catalyst were obtained and are shown in Table 5. respectively. 
so [0079] The photocatalytic activity of the photocatalyst against acetic acid was evaluated. As a result, the producing 
rate of carbon dioxide was 0.68 ^imol/h per one gram of the photocatalyst. 
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Table 3 





Example 1 


Example 2 


Comparative 
Example 1 


Comparative 
Example 2 


diffraction angle 26 


25.336° (0.4422 
radian) 


25.332° (0.4421 
radian) 


25.370° (0.4428 
radian) 


25.384° (0.4430 
radian) 


half -width p 


0.594° (0.0104 
radian) 


0.648° (0.0113 
radian) 


0.881° (0.0154 
radian) 


1.013° (0.0177 
radian) 


anatase-crystalline 
size L (=0.94 x 
0.1 5406/(0 x cos 0) 


14.3 


13.1 


9.6 


8.4 





Example 1 


Example 2 


Comparative Example 1 


Comparative Example 2 


Integrated value A 


296.4 


330.7 


295.1 


340.4 


Integrated value B 


71.5 


89.4 


45.9 


67.3 


Index X(=B/A) 


0.24 


0.27 


0.16 


0.20 



Table 5 





Example 1 


Example 2 


Comparative Example 1 


Comparative Example 2 


BET specific surface area E (m 2 / 
9) 


71.2 


66.7 


184.1 


180.9 


Adsorption amount F (n mol/g) 
of carbon dioxide 


| 74.6 


58.0 


126.5 


129.0 


Index 2(=F/E) 


1.05 


0.87 


0.69 


0.71 



Claims 

1 . A photocatalyst comprising a titanium oxide and a metal-containing compound other than titanium oxide on the 
surface of the titanium oxide, wherein the metal-containing compound is a metal oxide having an acid site and the 
photocatalyst has a BET specific surface area of about 55 m 2 /g or larger, or wherein the metal-containing compound 
is a basic metal-containing compound and the photocatalyst has an anatase-crystalline structure and an anatase- 
crystalline size of about 10 nm or larger. 

2. A photocatalyst according to claim 1 , which contains the metal-containing compound in an amount of about 0.05 
% by mol in terms of the metal element of the compound, based on titanium in the photocatalyst. 

3. A photocatalyst according to claim 1 or 2, which has an index X calculated by equation (I): 



X = B/A (I) 

of about 0.2 or more, wherein A represents an integrated value of absorbance within a wavelength range of from 
220 nm to 800 nm along an ultraviolet-visible diffuse reflection spectrum of the photocatalyst, and B represents 
an integrated value of absorbance within a wavelength range of from 400 nm to 800 nm along the ultraviolet- visible 
diffuse reflection spectrum. 

4. A photocatalyst according to any one of claims 1 to 3, wherein the metal-containing compound is a metal oxide 
having an acid site and the photocatalyst has a BET specific surface area of about 55 rrf/g or larger. 
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5. A photocatalyst according to claim 4, which has a BET specific surface area of about 300 rr^/g or smaller. 

6. A photocatalyst according to claim 4 or 5. which has an index Y calculated by equation (II): 

Y = (C - D) / C (II) 

of about 0.05 or more, wherein C and D represent half-widths of peaks within the range of binding energy of from 
458 eV to 460 eV in the second and fourth X-ray photoelectron spectra, respectively, the spectra being the second 
10 and fourth spectra among the four-time measurements of X-ray photoelectron spectrum showing an electronic 

state of titanium of the photocatalyst under irradiation by X-rays. 

7. A photocatalyst according to any one of claims 1 to 3, wherein the metal-containing compound is a basic metal- 
containing compound and the photocatalyst has an anatase -crystal line structure and an anatase-crystalline size 

is of about 1 0 nm or larger. 

8. A photocatalyst according to claim 7, wherein the basic metal-containing compound is at least one member selected 
from the oxides, hydrides and carbonates, of alkali metaL alkaline-earth metal, rare earth element or zinc. 

20 9. A photocatalyst according to claim 7 or 8, which has an index Z calculated by equation (III): 

Z = F/E (III) 

25 of about 0.8 or more, wherein E represents the BET specific surface area (m 2 /g) of the photocatalyst and F rep- 

resents the C0 2 adsorption amount (u,mol/g) of the photocatalyst. 

10. A process for producing a photocatalyst as claimed in any one of claims 1 to 9 ; which comprises the steps of 
allowing a titanium oxide to come in contact with a solution or slurry of a metal-containing compound other than 

30 titanium oxide and/or a solution or slurry of a compound which makes the metal-containing compound by heating; 

and heating the resulting titanium oxide, to obtain a photocatalyst. 

11. A process for producing a photocatalyst as claimed in any one of claims 1 to 3, which comprises the steps of 
putting in a sealed-container, a titanium oxide and at least one compound selected from a metal-containing com- 

35 pound and a compound which makes the metal-containing compound by heating: heating and evaporating the 

compound; and allowing the compound to adhere to the surface of the titanium oxide, to obtain a photocatalyst. 

12. A process for producing a photocatalyst as claimed in any one of claims 1 to 9, which comprises the steps of 
placing a metal-containing compound on a titanium oxide, and treating the resulting titanium oxide having the 

40 metal-containing compound thereon with steam or carbon dioxide gas : to obtain a photocatalyst. 

13. A process according to any one of claims 10 to 12. wherein the titanium oxide has an anatase-crystalline structure. 

1 4. A process according to any one of claims 1 0 to 1 3. wherein the titanium oxide is obtained. by a process comprising 
45 the steps of reacting a titanium compound with a base to obtain a reaction product at a temperature of about 60°C 

or lower; and calcining the reaction product to obtain a titanium oxide. 

15. A process according to any one of claims 1 0 to 13 ; wherein the titanium oxide is obtained by a process comprising 
the steps of calcining titanium oxysulfate in the presence of oxygen. 

50 

1 6. A photocatalyst coating composition comprising a photocatalyst as claimed in any one of claims 1 to 9 and a solvent. 

17. A material coated with a photocatalyst according to any one of claims 1 to 9 or a photocatalyst coating composition 
according to claim 16. 
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Fig. 4 
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Fig. 11 
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Fig. 14 
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Fig. 17 
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